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ABSTRACT

The reentry signal attenuation calculations presented in this volume

are a part of the lifting reentry communication system study described

in Volumes I and II. Extensive plane wave attenuation tables are given

for the following plasma conditions:

0.8 _< W /W 5 800
p

10- 4 < d/k 0 _5 3. 5

I0" 4 , 2hcv/o 2 d S 1.0
p

A brief review of tht plane wave analysis is also included. Plasma

antenna effects and the effects of inhomogeneities in the plasma

sheath are discussed.
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NOMENC LATURE

a aperture width

c velocity of light

d plasma slab thickness

E electric field armplitudes in plasma slab

Z ap complex amplitude of electric field across aperture

E electric field amplitude in feed waveguide
0

g(O) gain function

G(O) normalized gain function

k free space wavenumber0

k plasma wavenumberP

k oz (kpz) z component of k (k p

A A
r (r p ) complex voltage reflection coefficient for aperture

0 p radiating into free space (plasma environment)

t transmission coefficient

Ux(Uy) unit vector in x (or y) direction

V v/cw, collisional parameters

W w 1w , normalized plasma frequency
p

Y (Y ) admittance of free spa< e (feed waveguide)og

Z equivalent plasma surface impedance
$

Z characteristic impedance of free surface
0

-vii-
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plasma attenuation constar'

Y equivalent angle of incidenct

11o permittivity of free space
Ep complex dielectric constant oi )Iasma region, Eq. (1)

angle of observation with respect to z axis

0 free space wavelength0

11°  permeability of free space

v equivalent collis'ion frequency

W tradian aignal frequency

W- radian plasma frequency

SupE!rscripts

o without plasma sheath

p with plasma sheath

i incident

r reflected

t transmitted

C
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I. INTRODUCTION

This is the last of three volumes describing the analysis of

lifting reentry communication systems. This volume is concerned

with the electromagnetic analysis of plane wave transmission through

a plasiiia slab. The results of attenuation computations, performned

on a digital computer, are presented in tabular format in the appendix

to this volume. These tables were used extensively in the estirnates

of reentry signal attenuation which appear i. Volumes I and II. Howeve;

since the plasma parameters appearing in the tables were varied over

a wide range, the tables should be useful for many other carrent reentr"

applications as well as for lifting reentry.

A plane-wave homogeneous-plasma-slab model is assumed for the

attenuation computations. This model was chosen because it is the

simplest one which incorporates all the necessary ingredients for

attenuation estimates without including the details confronting an actual

reentry flight configuration. The validity and limitations of this plane

wave approximation are discussed briefly in later sections of this
report.

_
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iI. PLANE WAVE ANALYSIS

A. PLASMA ATTENUATION

This section contains a brief review of the plane wave analysis

and a discussion of the plasma slab attenuation tables. A more

detailed discussion of the plane wave transmission through a plasma

slab for an arbitrary angle of incidence is given in Ref. 1.

The plasma slab geometry is depicted in Fig. 1. The plasma

region is sharply bounded by free space on either side and is assumed

to be homogeneous, isotropic, and slightly ionizee. Collisional

effects are assumed to be due to electron-neutral collisions and to be

velocity independent. The plasma region is thus characte :ized by

a complex dielectric constant E p, which is equal to (Ref. 2)

with W = w 1w and V = v1w, where c is the permittivity of free space,
p 0

is the radian plasma frequency, w is the radian signal frequency,and~P
v is the equivalent collision frequency.

The normal incident plane wave is assumed to impinge upon the
+jWL'plasma slab from the left, z -, and to have an e time

dependence. The electromagnetic fields in the thrtee regions can be

written in the form (Ref. 1)

1 = E -jkoz +Er e+kOZ]

S=U x [E" e-jkpz + E + e+jkpz]

-3-



x

A I P PLASMA(tv AlIR

d -t

REGION I REGION 2 REGION 3

Fig.- 1. Plasma Slab Geometry
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E u Et eJkoz

rI uq (ko/wo) [,i e-jkoz Er e+jkoZH (k!wo) E ejkPz - + ejkP

2 Y P 0~

H u (k/wi±) Et e-jkoz

where k is the free space wavenumber, k is the plasina wave-
0 p _

number, o is the permeability of free space, x is the unit vector
in the x direction, and *ii is the unit vector in the y direction.

yThe subscripts 1, 2 and 3 designate regions 1, 2,and 3 in Fig. 1.
The fields in region 1 represent the incident and reflected plane waves,

the fields in region 3 comprise the transmitted plane wave, and

the fields in region 2 correspond to the standing and traveling wave

components in the plasma slab. The transmission coefficient t
tiis defined as the ratio E IE i . It is obtained by applying the appropri-

ate boundary conditions at the two plasma-air interfaces, which

results in

SEt e +jkod

cos k -cos Lk7+ (ro 0 + k F /k0)sinko d (2)

where d is the slab thicknets and

ko = w(go o)1/2
0 0

k =k1 I 5z)

-5-~
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The 7094 computer was programmed by the Aerospace Compu-

tation and Data Processing Center to calculate the magnitude of the

complex transmission coefficient given in Eq. (2) and to display the

computer output in tabular form as a function of the various plasma

parameters. The Appendix contains the computations for plasma

conditions commonly encountered during reentry. The normalized

plasma frequen_'y W and the normalized plasma thickness d/K were4 0
varied from 0. 8 to 800 and 10 to 3, 5, respectively. Each page

of the computer printout tabulates the ,.!-ne wave attenuation through

a plasma slab in dB for a given set of values of d/.,, and w /w
2 0 p

and a fixed value of the parameter VX /W d. The printed parameters

D/LAM. 0 and VLAM. OiW**2D, which appear on the printout sheets,

denote the plasma parameters d/X ° Pnd VX /W d, respectively.

Some of the computer results are also presented graphically

in Figs. 2 through 6. Figure 2 represents the plane wave plasma

attenuation as a function of w /w and d/X when the collisional
p 0

parameter v/w is assumed to be zero. The printed numbers
passociated with each attenuation contour correspond to the attenuation

level in dB. The dashed lines represent paths of constant plasma

conditions (w d/Zrc = const, viw = const) and yield the frequency
p p

dependence of the plane wave attenuation. Moving to the left on one

of the constant plasma contours is equivalent to increasing the

signal frequency. For a collisionless plasma, the plane wave

attenuation decreases with increasing frequency, and increases with

increasing slab thickness or plasma frequency.

• - Figures 3 and 4 display the attenuation contours with the

collisional parameter vw p equal to 0. 1 and 1. 0, respectively.P
The most significant difference between the results for lossy and

lossless plasmas is an alteration in the frequency dependence.

-6-
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For lossy plasmas, the attenuation no longer decreases with

increasing signal frequency. Typically, the attenuation approaches

an asymptotic value at low frequency and at first increases with

increasing frequency. As the signal frequency approaches the ,pl~ni --

frequency, the attenuation goes through a maximum and btgins to-

decrease with increasing signal frequency.

The shaded areas in Figs. Z through 4 represent the regior-s -

where the slab computations can be approximated by asymptat -

solutions. In the lower region, jump conditions (Ref. 1) can be

used to approximate the pl:stna layer. In other words, whei.n the

k plasma thickness is much smaller than an attenvation length,

the reflection and transmission characteriatics are governed by an

equivalent surface impedance or induced surface current density.

The transmission coefficient can be approximated by

o -

where Z /Z is the normalized plasma surface impedance and :
5 0

zslz° = W~Zk/Z (V + j) -.. : ---- !

W k d
0

When the plasma thickness is much greater than an attenuatio - -

length (upper shaded region), the signal attenuation can be approxfimtdo.

by -~7.
4 /k (-3) .--

(k/k 0 + 1)

lp 0

V - 12-_

SI ____
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where a, is tie plasma attenuation constant. The first term in
p

Eq. (3) -i*- equivalent to a reflecting loss; the exponential term is

equal to the amount olf attent-ation a ray encounters in one pass

through the plasma lay'tr.

Figares 5 and 6 illustrate che effects of collisions on the

signal attenuation for a plasma thickness of 0. 5 kand 1. 0 X.

respectively. These figures show that collisional effects tena to

-reduce signal attenuation except in the region near the plasma

frequency IW- 1).

~.PLASMA-ANTEIQ,7NA INTERACTIONS

The detrimental effects on rf communications produced by reentry

1)lasz-a slheaths (such as antenna pattern distortion, signal attenuation,

and antenna- irmrpe-ance changes) have been discussed in the literature

(fRefs. I - 6). Due to the high attenuation of the fields wit'Ain the reentry

plasma sheath, the antenna pattern distortions produced by multiple
reflection inside the sheath are r-elatively unimportant. If the surrounding

* plasma is separated fromn the metallic skin of the vehicle by a dielectric

ablating zmateriai such a~s Teflon, the resulting radiation patterns may

be distorted due to the ducting o.14 rf energy between the plasma and

vehicle; however, when the dielectric s~pacing is much srnmaller than a

wavelength these effects tend to be relatively small compared with signal

absorption in the Plasma and with antenna impedance effects.

When the plasma sheath is in contact with the conducting surface

of the wehicle and the thickness of the sheath is large compared with an

attenaeFtion length, the following infinite slot (see Fig. 7), analysis

demonstrates the correspondence between the plane wave theory and

- 13-
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Fig. 7. Slot Antenna Geomtetry
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the antenna formulation. The normalized far-field radiation pattern

can be expressed as follows (Ref. 7):

/a k a sinO
cose cos 2 II

y ap[2~ k

k-) (ko sinO) 'cos k pzd + k O in kzd]
pz

%hen the slot is excited by the dominant TE mode (co-sihiusoidal
aperture distribution), and where a i~s the aperture width, E is

ap
the complex anmplitude of the electric field across the aperture,. 0

is the angle of observation with respect to the r, axis, the subscript z

denotes the z component of the respective wavenurobers, and where

k =k cosO

IC k fk 2 /k 2 sin 2 1/2
.0z o L 0

k / .= I1
p 0P

The te rm E apaccounts for changes in the driving point admittance of

the slot, the second term depicts the normal distribution of electro-

magnetic energy in the far field in~ the absence of plasma, and the

last term expresses the effects of plasma on the radiatio. The

magnitude of the last term in Eq. (4) approaches unity as the plasma

is -removed. In order to evaluate the change in signal level caused

by the plasma layer the following ratio is determined (Pef. 8)

IEp(e, r)j

-15-



where the superscripts p and o denote the conditions with
and without the sheath, respectively. Substitution of Eq. (4) into

Eq. (5) yields

g(O) z  (6)

ap cos kpd + j "sin k d

pz

The gain function g(8) is evaluated for a constant input power to the

radiating system, with the source assumed to be well isolated from

the aperture, so that changes in the driving point admittance of the.

aperture have no effect on the frequency or output of the source.

Equation (6) therefore represents the total plasma attenuation.

The amplitude of the electric field developed in the aperture in

the absence of the plasma E0  can be expressed (neglecting
ap

the evanescent modes) as

0 1E =E ( +) (7)
ap o o

Awhere F, is the incident electric field in the feed waveguide and r
0 0

is the complex voltage reflection coefficient for the aperture radiating

into free space. In a similar manner the electric field in the

presence of the plasma sheath can be expressed as

EP = (1 + rp) (8)ap o p

where p is the complex voltage reflection coefficient of the aperture
Pradiating into the plasma environment.

-16-
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Combining FEqs. (&,(7), and (8) and normalizing the gain

function yields

G(O) =g(d) 11+ r 02

~j cos kcd +j sikd
pz k pz pZ

When the plasma is highly '~verdense, i. e. , I k4j>>k, and the slab

is thick compared with a plasma attenuation length, i. e. ,

Imn(k d) >>I, the following simplifications can be introduced:
p

G (0) 41 +pI exp[?Ik d)] (101.

4 AFurthermore, the a, %erture reflection coefficient 'r is related to
p

the driving point admittance of the slot YP which radiates into the
ap

plasma environment

A a

p l+ yP/yap g

The driving point admittance for an infdinite slot antenna

radiating into a plasma environment can be approximated by- (Ref. 9)

ap k 0 "'oJ(Z

when the plasma region is assumed -to be highly overdense and

semi-infinite in extent. Equation (12) is also applicable for a plasma

-17-



2 slab geometry, provided the plasma is lossy and the slab thickness

is much greater than an attenuation length. In other words, the

reflections occurring at the aperture interface tend to be insensitive

to the plasma thickness and are approximated by results obtained

for a slot antenna radiating into a plasma half space.

The ratio (co/ito)l/ 2 /Y is related to the equivalent angle of

incidence Y of the two plane waves reflecting off the walls of the

waveguide which comprise the dominant TE mode (Ref. 10)

0Y/(Co/po)I/2 = cosy (13)

Substituting Eqs. (11), (12) and (13) into Eq. (10) yields the

approximate expression for the overall degradation by the highly

reflecting and absorbing plasma sheath of the rf signal emanating

from a slot antenna:

4k cosY
G(e) k exp[-21m(k dj] (14)

The plasma slab transmission coefficient for a plane wave incident

upon the slab at an angle Y , with the electric field polariz.!d in

tLe plane of the plasma interface, is (Ref. 1)

SE t  e+jkozd

_ :.cos k pzd+ (j/Z)(k /koz +koz /k )sink pzd

~-18-



Under the assumptions used in Eq. (14), namely Im k d >> 1,p

ikPi>> ko , the plane wave transmission coefficient reduces to

f4 -- exp [- Im(kd)]
~P

which is the same result obtained from the slot antenna analysis,
i.e.,

G(6) = tj

zThus the net effect produced by the thick overdense plasma sheath

on the rf radiation emanating from the slot is an overall attenuation

of the signal with no redistribution of the far-field radiation

pattern other than what would be predicted from plane wave theory.

C. INHOMOGENEOUS PLASMA PROPERTIES

The equivalent dielectric properties of the plasma slab were

assumed to be homogeneous in order to simplify the computations.

This assumption seems to yield more than adequate numerical

results for most reentry system analyses. For example, where

the plasma sheath is highly overdense and thin compared with a

plasma attenuation length (conditions which are satisfied in many

slender-body reentry vehicle configuratorns), the plane wave reflection

and transmission coefficients are functions of the integrated plasma

conductivity and are independent of the electron density distribution.

In other words, the signal attenuation through a plasma layer

is governed by the equiv.alent surface current or surface impedance,

which can be approximated by means of a homogeneous plasma slab.

- 19-



When the thickness of the overdense plasma is smaller than a

free space wavelength and is of the order of or greater than a plasma

attenuation length (conditions which are normally characteristic of

severe reentry blackout problems such as are observed in lifting

reentry), the plasma reflectio.; and transmission coefficients may

be affected by the inhomogeneities within the reentry plasma sheath.

Typical errors in the transmission coefficient attributed to the negle.ct

of the inhomogeneitiesare illustrated in Fig. 8 as a function of both

arbitrary polarization and angle of incidence.

The equivalent homogeneous plasma slab used to approximate the

inhomogeneous case was characterized by a plasma frequency

corresponding to the peak electron density in the sheath profile, a

thickness which conserves the integrated electron density, and an

average collision frequency. The homogeneous attenuation calculations

were computed assuming a plane wave model for an arbitrary angle

t of incidence (Ref. 1) and results were compared with tho inhomogeneous

numerical results obtained by G. Bein (Ref. 11). The electron

density distribution used by Bein is shown in Fig. 9, and is typical

for a boundary layer plasma sheath. The peak electron density is
11 34 x 10 electrons per cm and the equivalent collision frequency is

about 2 x 108 collisions per second. The equivalent homogeneous

slab is also sketched in Fig. 9 and has a thickness of 0. 5 cm. The

signal frequency is 244.3 MHz. The results illustrated in Fig. 8

demonstrate that the errors associated with the homogeneous slab

are well within reasonable tolerances compared with those signal

attenuation errors associated with the estimation of electron

density. For example, an error of a factor of two in electron

density would result in a 6 dB error in the attenuation level, whereas

the homogeneous aLssumption introduces an error of less than 2 dB.

r

W-20-
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When the reentry plasma sheath has an equivalent thickness

which is of the order of a free space wavelength, the reflection

coefficient is more strongly dependent upcn the inhomogeneous

properties of the plasma; however, when the reentry plasma conditions

produce severe signal blackout the dominant attenuation mechanism

4 is absorption. Several examples of half-wavelength plasma sheaths

characterized by a triangular electron density distribution are

given in Volume I of this report. The results were then compared

with an equivalent homogeneous slab model. The comparison

illustrated that the homogeneous slab computation adequately approxi-

mated the signal attenuation produced by the inhomogeneous sheath.

Typical errors where of the order of I to 2 dB in a total attenuation

of -20 dB.

The preceding sample computations illustrate that plasma

inhomogeneites introduce small deviations from the signal attenuation

results obtainable from a homogeneous plasma slab model. The

plasma characteristics used in the analysis were not intended to

represent exact lifting reentry conditions, but were chosen to depict

regions where departures from plane wave homogeneous results

would be most prevalent. These results demonstrate that for most

reentry conditions, ranging from slender body to severe lifting

reentry configurations, the surrounding plasma sheath can be

approximated by an equivalent homogeneous plasma slab.

-23-
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NOTE ON USING TABLES

NOMENCLATURE

-:D/LAM.O0 d/k
0

I p

VLAM.O/W**ZD = VX 0 /W d

0. 1000 E -- 05 denotes 0. 1 x 10-5

/ 0. 1000 E 05 denotes 0. 1 x 10+

GUIDE TO VALUES OF VARIABLEZ5

A. Pages A-3 tnrough A-22

1. w p/W-0.8 to 2.0 (complete range each page)

2. y) 0IW 'd - 10- 3 to 1 (one value per page)

3. d/k 0. 1 to 3.-5 (complete range each page)

B. Pages A-23 through A--iZ

- -1. cw /W- Z. 0 to 50. 0 %complete range each page)
p 2 . 3

2. yx /W d - 10- to I oiie value per page)

0

C. Pages A-43 through A-62

1. w w- 50 to 800 (complete range each paige)
p

2 -4
2. VX0IW d -~ 10- to 1 (one value per page)

-53. d/k j 1 to 1. 5 (complete range each page)
0

A-2
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II. ABSTRACT

The reentry signal attenuation -calculations presented in this volume
are a part of the lifting reentry commtmication system study described
in Vols. I and IL. Extensive plane wave attenuation tables are given
for the following plasma conditions:
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p
A brief review of the plane wave analysis is also included. Plasma
antenna effects and the effects of inhomogeneities in the plasma sheath
are discussed.
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